The antimicrobial resistance profiles of 1183 Salmonella isolates collected during 2002-2003 from several sources (human, food products and environment) were evaluated. The occurrence, distribution and cassette content of class 1 and 2 integrons among the sulphonamide-resistant population, as well as the role of particular clones to the spread of these genetic elements, were investigated.
Introduction
Bacterial antimicrobial resistance has become a worldwide public health problem with direct impact on food safety, being crucial the monitoring of food-borne pathogens that possess important animal reservoirs, such as Salmonella, as proposed by the EU legislation. to the occurrence of Salmonella with decreased susceptibility to antibiotics, which can be transmitted to humans through food products, particularly those of animal origin. 2 The increasing number of infections with antimicrobial drug-resistant Salmonella, including the emergence of multidrug-resistant (MDR) Salmonella enterica serotype Typhimurium phage type DT104, 2 extended-spectrum b-lactamase (ESBL)-producing Salmonella 3,4 and fluoroquinolone-resistant Salmonella strains, 2, 5 deserves special attention. The formation of genetic elements that cointegrate antibiotic resistance and virulence determinants, which may compromise the therapeutic options in cases of invasive Salmonella infections, is also part of a worrisome trend. 4 Several of the antibiotic resistance genes observed in Gramnegative microorganisms are part of a gene cassette inserted in an integron. 6, 7 The most common cassettes contain genes that confer resistance to a range of antimicrobial agents, including aminoglycosides, b-lactams, chloramphenicol and trimethoprim, as well as genes that confer resistance to antiseptics and disinfectants. 6, 7 Several classes of integrons related to antibiotic resistance have been identified that can be distinguished by the nucleotide sequence of their respective integrase. 7 Through incorporation into transposons and plasmids, integrons participate in the capture and dissemination of resistance genes among bacteria. The fact that genes yielding resistance to antibiotics commonly used in the treatment of human infections could be acquired by integron-harbouring strains may potentiate the possibilities of selection by a variety of different antimicrobials. Therefore, integron acquisition is considered the major cause of multiple resistance in Gram-negative microorganisms, mainly in enteric bacteria. 7, 8 Although several class 1 and 2 integrons have been identified in different Salmonella serotypes, [9] [10] [11] [12] [13] [14] [15] [16] [17] the study of the dissemination of these elements among Salmonella obtained from different sources (clinical, foods and environmental samples) has not been currently explored. In addition, the contribution of clonal spread to the incidence of Salmonella carrying these genetic elements has been scarcely described. In the present study, the antimicrobial resistance profiles of Salmonella isolates collected during 2002-2003 from several sources (human clinical samples, food products and environmental samples) were evaluated. Moreover, the occurrence, distribution and cassette content of class 1 and 2 integrons among the sulphonamide-resistant population were investigated along with the role of particular clones to the spread of these genetic elements.
Materials and methods

Bacterial strains
The study included 1183 Salmonella isolates collected in Portugal, during [2002] [2003] . The isolates were recovered from human clinical sources (867); food products (258), including poultry (98), pork (85), beef (10), other food types (27) and unknown sources (38) ; as well as from the environment (58). The strain collection was obtained from the National Centre of Salmonella (INSA, Lisboa, Portugal) and from geographically dispersed clinical and food microbiology laboratories. The serotypes were determined at the National Centre of Salmonella. A PCR assay for the identification of S. enterica serotype Typhimurium DT104 and U302 phage types was conducted according to Pritchett et al.
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Antimicrobial susceptibility testing
The MICs of 10 antimicrobial agents (streptomycin, kanamycin, gentamicin, ampicillin, nalidixic acid, ciprofloxacin, chloramphenicol, tetracycline, sulfamethoxazole and trimethoprim) were determined by the agar dilution method, according to the CLSI (Clinical Laboratory Standards Institute), 19 using Mueller-Hinton agar 2 (bioMérieux, Marcy l'É toile, France). The breakpoints used were those defined by the CLSI for Enterobacteriaceae, 19 with the exception of streptomycin.
20 Escherichia coli ATCC 25 922 was used as the reference strain. 19 In all the ampicillin-resistant isolates a double-disc synergy test for the detection of ESBL production was performed by the disc diffusion method 21 with an amoxicillin/ clavulanic acid disc placed next to ceftazidime, cefotaxime, cefuroxime, aztreonam, ceftriaxone and cefepime discs on Mueller-Hinton agar 2 (bioMérieux).
Detection of class 1 and class 2 integrons
The presence of class 1 integrons was tested by PCR ( in all the sulfamethoxazole-resistant isolates. To characterize the conserved segment 3 0 CS, a PCR, using specific primers, 24 was performed to determine the presence of sul1 and qacED1 genes in all those isolates. Class 2 integrons were detected by PCR (Table 1) with specific primers for the int2 gene, 25 and subsequently the cassette regions were amplified using primers hep74 and hep51 for the attI2-orfX region. 26 
Characterization of class 1 and class 2 integrons
To determine the content of the variable regions of the class 1 integrons, first the 5 0 CS primer was used in combination with reverse (Table 1) . Second, typing of each class 1 and class 2 integron was performed by a PCR-RFLP analysis. PCR products corresponding to the amplification of the 5 0 CS-3 0 CS region of the class 1 integrons, and of the attI2-orfX region of the class 2 integrons, were purified using the GFX PCR DNA and gel band kit (Amersham Pharmacia Biotech, Uppsala, Sweden) and further digested with 5 U of TaqI endonuclease (New England BioLabs, Ipswich, MA, USA). The restriction products were analysed by electrophoresis on 2% agarose gels. Integron types were designated by roman numerals. Third, PCR products representing the different amplicons were sequenced by the dideoxy-chain termination method with an ALF Express automatic DNA sequencer (Amersham Pharmacia Biotech, Uppsala, Sweden). Obtained sequences were compared with those registered in GenBank, using the Blast program.
PFGE
Clonality among isolates was assessed by PFGE following XbaI digestion of genomic DNA according to the standard 1 day protocol of the CDC.
27 DNA fragments were subjected to PFGE in agarose (Seakem Gold Agarose, Cambrex BioScience Rockland, Inc., USA) (1.2%, w/ v) in 0.5· TBE buffer in a CHEF-DR III system (Bio-Rad Laboratories, Richmond, CA, USA), with the following running conditions: 6 V/cm at 14 C, 120 , with pulse times from 2.2 to 63.8 s for 19 h. The addition of thiourea (10 mg/mL) to 0.5· TBE buffer was performed in PFGE of non-typeable strains. 27 Genomic DNA from Salmonella serotype Braenderup H9812, obtained from the CDC, was also restricted with XbaI and used as a molecular size marker. Isolates with electrophoretic patterns that differed by three bands, at most, were assigned to the same clone, as in a previous report. 28 Clones were designated by capital letters and subtypes were defined by a subindex that indicates the number of bands that differed from the strain considered to be the initial PFGE type.
Conjugation assays
Conjugative transfer of plasmids from Salmonella isolates into E. coli K802N (nalidixic acid and rifampicin resistant) was attempted using agar plates. Transconjugants were selected on Mueller-Hinton agar 2 (bioMérieux) plates containing sulfamethoxazole (256 mg/L) plus nalidixic acid (64 mg/L) (or 100 mg/L rifampicin if the donor was nalidixic acid resistant).
Results
Antimicrobial susceptibility
Forty-six per cent of the isolates were susceptible to all tested antimicrobial agents, 33% were resistant to a single antibiotic and 21% were multiresistant (ranging from 2-8 antibiotics). This high incidence of resistance was observed in isolates from all sources: a total of 178 out of 258 food-borne isolates (69%), 437 out of 867 human clinical isolates (50%) and 18 out of 58 environmental isolates (31%). The most common resistance phenotypes detected were to nalidixic acid (31%), tetracycline (19%), streptomycin (18%), sulfamethoxazole (17%) and ampicillin (17%). It is important to note that some of the ampicillin-resistant isolates also exhibited reduced susceptibility to amoxicillin/clavulanate, but remained susceptible to expanded-spectrum cephalosporins. Resistance to chloramphenicol (9%), trimethoprim (7%), gentamicin (1%) and kanamycin (0.2%) was also observed ( Table 2 ). In general, the incidence of resistance to the tested antibiotics was higher among the food-borne isolates than among those of human origin, mainly to tetracycline, streptomycin and sulphonamides. It should be noted that 69 (22%) isolates from non-human origin and 176 (20%) from clinical samples with resistance to nalidixic acid also exhibited decreased susceptibility to ciprofloxacin (MIC 0.25-0.5 mg/L).
Class 1 integrons
Resistance to sulphonamides was associated with resistance to other antimicrobial agents, a fact observed in 200 out of the 243 MDR isolates. Of the sulfamethoxazole-resistant strains 77% (n = 154) carried one or two class 1 integrons, with detection of resistance genes in variable regions of integrons in 150 (75%) of those isolates. In four isolates the array of gene cassettes was undetermined. Integrons were detected in 79% (59/75), 77% (93/121) and 50% (2/4) of food product, human (Table 4) . Taking into account the number and size of the amplicons associated with an isolate, the RFLP patterns and sequencing data, eight class 1 integron profiles (IPs) were defined: IP I included two integrons (1000 and 1200 bp) and IP II to IP VIII included one integron each of different size (1000-2000 bp), whose variable region carried one or two resistance genes (Table 5) . Eight different gene cassettes were detected, encoding resistance to aminoglycosides, trimethoprim and b-lactams. A single gene cassette was present in integrons from 65 isolates and two gene cassettes were identified in integrons from 85 isolates ( Table 5) . The aminoglycoside adenyltransferase genes (aadA), which confer resistance to streptomycin and/or spectinomycin, were the most prevalent among gene cassettes. The aadA genes (aadA1, aadA2 and aadA5), alone or in combination with other resistance genes, were observed in variable regions of all but one integron-containing isolate and were always located close to the 3 0 CS. As a common feature, 65 of those integrons included an aadA gene downstream of a trimethoprim resistance gene (dfrA1, dfrA12 or dfrA17). An integron-associated b-lactamase gene was identified in 67 isolates, conferring resistance to ampicillin: bla PSE-1 in 47 integrons of 1200 bp and bla OXA-30 in 20 integrons of 2000 bp, upstream of the aadA1 gene. Several integrons shared identical gene cassettes: IP I, IP II and IP VII, aadA2; IP III, IP V and IP VIII, aadA1; and IP I and IP IV, bla PSE-1 . As described previously, 28 the sul1 gene was located in 149 of the class 1 integrons and the other sul genes (sul2 or sul3) were found in five strains whose integrons lacked the qacED1 and sul1 genes. In four isolates whose integrons lacked the qacED1 and sul1 genes, the sul3 gene conferred the sulphonamide resistance and the two gene cassettes typical of the IP VII (dfrA12 and aadA2) were detected (Table 5) .
Class 2 integrons
Resistance to trimethoprim was observed in 84 isolates, being associated with resistance to sulphonamides in 83 of those isolates. Five out of 200 (3%) sulfamethoxazole-resistant strains simultaneously presented class 1 and class 2 integrons. The RFLP profiles of variable regions (PCR product of 2200 bp) of the five class 2 integrons were similar and sequencing of one of the PCR products revealed the presence of three resistance genes: dfrA1, sat1 and aadA1. One of those isolates was from the Typhimurium serotype and four isolates presented a clonal relationship and were classified as serotype Muenchen, all isolated from humans.
Relationships of integrons, serotypes, origins and PFGE clones
Although the spread of the class 1 integrons occurred among several Salmonella serotypes (Typhimurium, Enteritidis, Rissen, Derby, Saintpaul, Brandenburg, Muenchen, Bredeney, Brikama, IIIb:65:Iv:enxz15 and Heidelberg) a reduced number of PFGE clone types carrying class 1 integrons (20 clones/150 isolates) was observed (Table 5 and Figure 1 ). It is important to note that the integron-carrying Salmonella isolates were from diverse sources and regions. The presence of class 1 integrons was mainly associated with serotype Typhimurium (88/154) ( Tables 4 and 5 ). Two 1000 bp (aadA2) and 1200 bp (bla PSE-1 ) integrons were specific for the MDR DT104 serotype Typhimurium clone, and one of 2000 bp (bla OXA-30 -aadA1) was carried only by another serotype Typhimurium clone, previously published, 29 both obtained from geographically distant locations and sources, including animal food products and humans. In contrast, the other profiles appeared dispersed through several serotypes, with the integrons carrying aadA (aadA1 or aadA2) downstream of the dfrA (dfrA1 or dfrA12) as the most (98) 10 (10) 9 (9) beef (10) 8 (80) 6 (60) other (27) 1 (4) 0 (0) unknown (38) 7 (18) 5 (13) Environment (58) 4 (7) 2 (3) Total (1183) 200 (17) 154 (13) Clones are designated by capital letters, and subtypes are defined by a subindex that indicates the number of bands that differ from the strain considered to be the initial PFGE type (three bands of difference at most disseminated among different serotypes and sources, including humans, environment, pork and poultry products (Table 5) . It is important to stress that all integron types were shared by isolates obtained either from humans or food products, geographically dispersed. The presence of class 1 integrons was more frequent among isolates from pork products (39/154) than from poultry (9/ 154) ( Tables 3 and 5 ). In fact, all integron types, with the exception of IP IV, were observed in human and pork isolates, in contrast with a lower diversity in poultry (IP V, IP VII and IP VIII).
Conjugation assays
Out of 108 Salmonella isolates tested 50 transferred their plasmids containing integrons to E. coli; the resistance profiles acquired by the transconjugants are shown in Table 5 . The conjugation results obtained with four isolates supported the chromosomal location of the class 1 integrons in the prevalent Typhimurium DT104 clone, as no transconjugants were obtained on the selection plates containing sulfamethoxazole. In contrast with the antimicrobial resistance determinants in Salmonella Typhimurium DT104, most of the integrons in other Salmonella isolates were encoded in a transferable plasmid and could be transferred to E. coli by conjugation.
Discussion
In the present study, the widespread occurrence of resistance to several groups of antibiotics in Portuguese Salmonella isolates was demonstrated, especially among those of food-borne origin.
The most frequent resistance phenotypes observed were to tetracycline, streptomycin, ampicillin and sulphonamide. These findings may not be surprising, as these antimicrobials have been widely used in modern animal production systems, both in Portugal and other countries. 11, 25, 30 As an interesting example, it seems important to consider the high prevalence of resistance to sulfamethoxazole, mainly associated with the serotype Typhimurium, which accounts for 29% of resistance when only food products are considered, as a possible reflection of high usage of sulphonamides in food-producing animals, as verified in our country by Pena et al. 31 In opposition with current reports on non-typhoid Salmonella strains isolated in various countries worldwide, 3,4,17 the dissemination of ESBL-producing isolates has not yet been documented in Portugal, in spite of the high percentage of isolates exhibiting ampicillin resistance. Additional information also worthy of attention seems to be the high incidence of nalidixic acid-resistant isolates with decreased susceptibility to fluoroquinolones, as observed in this study, due to the possibility of treatment failures in invasive gastrointestinal infections when these agents are used. 5 This worrisome feature, observed in human and food-borne isolates, especially in poultry isolates, seems to be mainly associated with serotype Enteritidis (data not shown), an observation that is in close agreement with other European studies. 32 It has been argued that a substantial proportion of antimicrobial resistance to several antibiotics is the responsibility of integron structures. 7, 8 In the present study, the presence of gene cassettes coding for a particular antibiotic resistance was only demonstrated for streptomycin, trimethoprim, ampicillin and sulphonamides. In addition, the results of conjugation experiments also suggested the structural association of resistance genes in mobile elements, including those encoded by integrons, which might account for the increase in MDR Salmonella. Therefore, there seems to exist a strong association between multiresistance and the presence of integrons, 8, 26 a fact that can be easily confirmed when analysing the present results where a high (77%) proportion of sulphonamide-resistant (which are also MDR isolates) Salmonella isolates presented integrons.
The analysis of the cassette arrays revealed a predominance of cassettes that confer resistance to aminoglycosides (aadA genes) and trimethoprim (dfrA genes), with aadA genes carried by all the integron-containing Salmonella serotypes. The persistence of these genes, which have been reported worldwide in isolates of different origins, [9] [10] [11] [12] [13] 17 might be associated with the extensive use of streptomycin in food-producing animals, or is most likely the result of their structural association with other resistance genes (co-selection), such as the sul1 gene, for which selective pressure is continuously observed or with genetic elements whose extreme versatility promotes their conservation. 33 However, not all the Enteritidis serotype strains with the dfrA1-aadA1 integron were resistant to streptomycin even though they harboured the aadA1 gene, as also described by White et al. 17 It is also interesting to note that five strains harboured two different integrons (class 1 and class 2) containing the aadA1 gene cassette, as observed by other authors, 26 although the benefit of having these two identical genes has not yet been fully understood.
Most of the class 1 integrons, especially IP V (dfrA1, aadA1) and IP VII (dfrA12, orfF aadA2), were shared by several clones from the same or different serotype, which is suggestive of horizontal transfer, as confirmed by our conjugation results, and might indicate a wide dissemination of the specific structures in which integrons are located. All five class 2 integrons carried the same three cassettes as those found in Tn7, namely dfrA1, sat1 and aadA1, which could be explained by the fact that class 2 integrons are unable to excise existing cassettes or insert new ones. 26 In contrast with class 1 integrons, this class of integrons was only detected in human isolates, one serotype Typhimurium isolate and in a clone of serotype Muenchen (this is the first report of a class 2 integron in the serotype Salmonella Muenchen), suggesting that class 2 integrons are less commonly found among Salmonella isolates from different origins. In addition, the low diversity among the integron gene cassettes in our sample suggests a great stability of several types of integron profiles, in agreement with other studies in different countries, indicating a wide distribution of some integrons in Salmonella.
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The presence of class 1 integrons was more frequent in serotype Typhimurium, including the pentaresistant DT104 and other worrisome MDR clones carrying different integron structures, whose dissemination seems to be associated with the food chain. Also, our study highlights the presence of resistance genes associated with integrons in additional non-Typhimurium serotypes, such as Enteritidis, a predominant serotype generally associated with low rates of resistance, 32 and in less-prevalent serotypes with possible extensive reservoirs.
Serotype-specific class 1 integrons were found, such as the 1000-1200 bp, known to be part of the chromosomal located Salmonella genomic island 1 (SGI1), 34 in the stable and widely disseminated clone of MDR serotype Typhimurium DT104, 10, 12, 15, 16, 24 the predominant integron-carrying clone recovered in our study. In this study, apart from the presence of isolates of the widespread clone of serotype Typhimurium DT104 carrying only one of those gene cassettes (aadA2 or pse-1), it is important to note that the aadA2 gene cassette was also dispersed in another clone of a different serotype (Derby), suggesting the distribution of the SGI1 in S. enterica serotypes other than serotype Typhimurium DT104, as observed by Boyd et al. 34 The presence of the 2000 bp integron carrying bla OXA-30 and aadA1 gene cassettes was specific for another MDR Typhimurium clone, disseminated in our country by food products of animal origin (pork products) and obtained from geographically dispersed sources and locations, as previously described. 29 In Portugal, the ongoing spread of this MDR clone and the possible transfer of the plasmid encoding this integron to other strains is a worrisome issue, as virulence and multidrug resistance could be genetically linked, as observed recently in plasmids carrying related integrons. 35, 36 Although a large collection of MDR Salmonella isolates obtained from geographically dispersed regions in Portugal and from human and non-human samples was studied, only 20 PFGE types of at least 11 serotypes revealed class 1 integrons. The observation of those particular PFGE types might reflect an improved fitness of specific clones able to survive under harmful conditions, as antibiotic selective pressure or other compounds used in the veterinary field. On the other hand, the finding that no difference was observed in the distribution of integron types between human and food isolates suggests human acquisition through the food chain from several reservoirs of animal origin. However, differences in prevalence and gene cassette arrays of class 1 integrons were found in Salmonella isolates according to the food-animal sources, as also observed by other authors in E. coli isolates. 37 In contrast with the higher prevalence and diversity of integron types in pork products, the lower prevalence and diversity of integron types in poultry products and the reduced number of clones within this niche may be related to the characteristics of this current animal production, where only a few different genetic lines of primary breeding flocks are used, limiting host diversity. The differences in the antibiotic selective pressure imposed through several years of intensive use might have enhanced the spread of specific clones and integrons perfectly adapted to a certain host type, within different sources.
Our data suggest that food-producing animals might be simultaneously considered as a reservoir of clones and integrons carrying antibiotic resistance genes, thus making the food chain, especially pork products, a possible source of MDR isolates in humans. Intensive antibiotic use over several years may have contributed to the selection of particular clones, integrons and integron-carrying genetic elements, although other factors, not directly related to resistance, may contribute to their spread and niche specificity. Surveillance of the integron content in Salmonella populations of different sources (clinical, food and environmental samples) can provide powerful information concerning the evolutionary changes of gene cassettes, which may be fundamental to estimate health risk and to prevent the spread of particular antibiotic resistance determinants via the food chain from animals to humans.
